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Deficiency of the Hematopoietic Cell-Specific Rho
Family GTPase Rac2 Is Characterized by Abnormalities
in Neutrophil Function and Host Defense
based on homology to the three prototypic members
RhoA, Rac1, and Cdc42Hs. Considerable insight into
the biology of Rho family GTPases has been gained
through in vitro studies of the roles these three mole-
cules play in actin cytoskeleton remodeling in fibroblasts
Andrew W. Roberts,*² Chaekyun Kim,²
Ling Zhen,² John B. Lowe,§ Reuben Kapur,*²
Bronislawa Petryniak,§ Adam Spaetti,*²
Jonathan D. Pollock,² Jovencio B. Borneo,²
Gillian B. Bradford,*² Simon J. Atkinson,³
(reviewed in Hall, 1998). The cytoskeletal consequencesMary C. Dinauer,² and David A. Williams*²‖
of activation of each small GTPase are dependent upon*Howard Hughes Medical Institute
the specific cellular milieu (Hall, 1998), and recently the²Herman B Wells Center for Pediatric Research
distinct roles played by Rho family GTPases in regula-Section of Pediatric Hematology/Oncology
tion of the actin cytoskeleton in hematopoietic cells haveDepartment of Pediatrics
begun to be elucidated. Rho has been shown to influ-³Department of Medicine
ence actin polymerization in neutrophils (Bengtsson etIndiana University School of Medicine
al., 1990; Koch et al., 1994; Ehrengruber et al., 1995),Indianapolis, Indiana 46202
integrin-mediated cell adhesion in a lymphoid cell line§Department of Pathology and Howard Hughes Medical
(Laudanna et al., 1996), and cell motility in both electro-Institute
permeabilized neutrophils (Stasia et al., 1991) and aUniversity of Michigan Medical School
macrophage cell line (Allen et al., 1998). In studies usingAnn Arbor, Michigan 48109
transient or inducible expression of either activated
Rac1 or a dominant negative mutant, Rac function has
been implicated in membrane-ruffling, lamellipodia for-Summary
mation, and growth-factor induced chemotaxis in mac-
rophage cell lines (Allen et al., 1997, 1998; Cox et al.,In mammals, the Rho family GTPase Rac2 is restricted
1997). Parallel studies of Cdc42 indicate its involvementin expression to hematopoietic cells, where it is coex-
in filopodia formation and in cell polarization towardpressed with Rac1. Rac2-deficient mice were created
chemotactic gradients in these same cells (Allen et al.,to define the physiological requirement for two near-
1997; Cox et al., 1997).identical Rac proteins in hematopoietic cells. rac22/2
In contrast to the apparently distinctive cytoskeletalneutrophils displayed significant defects in chemo-
rearrangements induced by activation of specific small
taxis, in shear-dependent L-selectin-mediated capture
GTPases in fibroblasts, other more complex cellular
on the endothelial substrate Glycam-1, and in both
consequences of small GTPase activation demonstrate
F-actin generation and p38 and, unexpectedly, p42/
less specificity. For example, there appears to be sub-
p44 MAP kinase activation induced by chemoattrac-
stantial overlap in the utilization of Rac and Cdc42 by
tants. Superoxide production by rac22/2 bone marrow signaling cascades leading to transcriptional activation,
neutrophils was significantly reduced compared to with both reported to activate c-Jun kinase and p38
wild type, but it was normal in activated peritoneal MAP kinase cascades and to interact with p65 PAK via
exudate neutrophils. These defects were reflected in a common motif (Coso et al., 1995; Hill et al., 1995;
vivo by baseline neutrophilia, reduced inflammatory Minden et al., 1995; Van Aelst and D'Souza-Schorey,
peritoneal exudate formation, and increased mortality 1997; Mackay and Hall, 1998). However, the physiologic
when challenged with Aspergillus fumigatus. Rac2 is role of such signaling in transformation and gene ex-
an essential regulator of multiple specialized neutro- pression remains unknown, and whether these observa-
phil functions. tions reflect a dual requirement or functional redun-
dancy remains to be determined for many of these
Introduction systems.
Within the Rac subclass, even greater functional over-
Members of the Rho-related small GTPase family are lap is evident. Rac1 and Rac2 share 92% amino acid
key regulators of a wide spectrum of cellular functions identity, with near identity at the known effector sites
in eukaryotes, including cytoskeletal organization, mem- (Didsbury et al., 1989; Shirsat et al., 1990; Moll et al.,
brane trafficking, transcription, cell growth, and devel- 1991; Diekmann et al., 1995). Similarly, both are highly
opment (reviewed in Lim et al., 1996; Van Aelst and homologous to the recently described Rac3 (Haataja et
D'Souza-Schorey, 1997; Hall, 1998). Each family mem- al., 1997). Indeed, the most obvious difference between
ber is involved in the regulation of multiple cellular func- the subclass members is their pattern of expression. Rac1
tions, and there appears to be considerable functional is ubiquitously expressed (Moll et al., 1991), whereas
overlap between individual Rho family GTPases (Lim et Rac2 expression is highly restricted to hematopoietic
al., 1996; Van Aelst and D'Souza-Schorey, 1997; Hall, tissues (Didsbury et al., 1989; Shirsat et al., 1990; Moll
1998). et al., 1991; Haataja et al., 1997) and Rac3 has a less-
In mammals, at least 12 Rho family GTPases have restricted expression pattern (Haataja et al., 1997). Both
been identified and categorized into three subclasses Rac1 and Rac2 have been implicated as activators of
the NADPH oxidase complex, which produces superox-
ide in phagocytic cells. In both cell-free systems and‖ To whom correspondence should be addressed (e-mail: dwilliam@
iupui.edu). whole-cell assays, Rac activity provided by either Rac1
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or Rac2 is essential for the reconstitution and/or function RT±PCR confirmed the absence of rac2 transcripts (data
not shown). Representative Western blots of cell lysatesof an active NADPH oxidase complex (Abo et al., 1991;
Knaus et al., 1991; Dorseuil et al., 1992; Gabig et al., from peritoneal exudate cells are shown in Figure 1D
and confirm a profound deficiency of Rac2 protein. On1995). These data, and the fact that Rac1 and Rac2 are
coexpressed, suggest that true redundancy may exist some blots, trace bands were evident on prolonged ex-
posure. In the absence of rac2 mRNA, these most likelyin these differentiated cells. However, two lines of evi-
dence indirectly suggest that Rac2 is the physiological represent cross-reactivity of the polyclonal anti-Rac2
antibody with the highly related protein Rac1. This possi-GTPase for this enzyme complex. In human neutrophils,
Rac2 is the predominant Rac species (Heyworth et al., bility was confirmed in two ways. First, under identical
Western blot hybridization conditions used for the cell1994), and in a yeast two-hybrid system, the interaction
between p67phox and activated Rac2 was found to be lysates, titration experiments of recombinant Rac1 dem-
onstrated weak cross-reactivity (data not shown). Sec-6-fold higher than with activated Rac1 (Dorseuil et al.,
1996). ond, cell lysates from wild-type fibroblasts that do not
express rac2 mRNA showed similar trace bands whenFor the majority of other functions ascribed to Rac
proteins, data to date relate largely to Rac1. As pre- assayed in parallel with lysates from nullizygous neutro-
phils (Figure 1D, lower panel). Western blots of cell ly-viously discussed, Rac1 is a key regulator of actin cy-
toskeletal remodeling in fibroblasts. Inhibition studies sates from rac22/2 cells demonstrated no alteration,
compared to wild type, of the expression of either Rac1of Rac function using dominant negative Rac1 mutants
suggest a similar critical role for Rac in hematopoietic or Cdc42, the two related GTPases previously impli-
cated in hematopoietic cell superoxide production andcells but cannot distinguish Rac1 and Rac2 functions
(Allen et al., 1997; Cox et al., 1997). Whether Rac2 is a cytoskeletal organization.
key regulator of the actin cytoskeleton in cells in which
both Racs are expressed is an unresolved question. Rac2-Deficient Mice Have Perturbed Hematopoiesis
Similarly, the precise role of Rac2 in regard to transcrip- rac22/2 mice develop normally, are fertile, and have nor-
tional activation through stress-activated and other mal longevity (up to 18 months of age). Gross and histo-
pathways is undefined. As previously argued (Vojtek logical examinations of nonhematopoietic organs were
and Cooper, 1995), conclusions as to the true roles of normal. Nullizygous mice displayed a modest leukocyto-
individual GTPases based exclusively on overexpres- sis (11.7 6 3.2 3 109/L) that was 1.9-fold higher than
sion studies of activated or dominant negative mutants littermate controls (rac21/2, 7.6 6 2.7 3 109/L; wild type,
may be misleading; analyses of function under condi- 6.1 6 2.9 3 109/L; n 5 6 per group; p , 0.01 [Dunnett's
tions found in primary cells are therefore crucial. test]). This was explained largely by a persistent 2.5- to
To investigate the physiological consequences of 3-fold increase in absolute neutrophil numbers (rac22/2,
absence of Rac2 in vivo and particularly to address 3.3 6 2.0 3 109/L; rac21/2, 1.3 6 0.7 3 109/L; wild type,
whether Rac2 is functionally redundant with Rac1, Rac2- 0.9 6 0.4 3 109/L; p , 0.01 [Dunnett's test]). Hematocrit
deficient mice were created. Despite expressing normal and platelet counts were similar between genotypes, as
levels of Rac1, neutrophils from rac22/2 mice demon- was leukocyte morphology. The weights and cellularities
strated deficits in multiple functions including cytoskele- of spleens and thymi from 6-week-old mice were also
tal remodeling, superoxide production, and, unexpect- similar between genotypes (data not shown). Although
edly, p42/44 MAP kinase activation as well as p38 MAP bone marrow (BM) cellularity was similar between geno-
kinase activation following chemoattractant stimulation. types, rac22/2 mice displayed a modest excess of ma-
At the level of the whole animal, these deficits had signifi- ture granulopoiesis as determined by cytology (neutro-
cant consequences for leukocyte trafficking and host phils comprised 34% 6 4.5% of rac22/2 BM cells cf.
defense. 26% 6 5% of wild-type cells; p , 0.01) and by Gr-1
antigen expression (rac22/2, 42% 6 8%; wild type,
26% 6 8%; p , 0.01).Results
Confirmation of Rac2 Deficiency Rac2-Deficient Neutrophils Have Abnormalities
in Superoxide ProductionThe rac2 gene was disrupted by homologous recombi-
nation in embryonic stem (ES) cells using the targeting Regulation of superoxide production was the first func-
tion ascribed Rac2 following its purification as a keyvector illustrated in Figure 1A. Exon 1, encoding the
translational initiation site and N-terminal amino acids component of the phagocyte NADPH oxidase enzyme
complex (Knaus et al., 1991). To address whether Rac2including residues 10 and 11, which contribute to the
GTP-binding domain, was replaced by a PGKneo cas- is required in primary cells for superoxide production
or is redundant with the ubiquitously expressed Rac1,sette in the reverse orientation. Targeting was confirmed
by Southern blot analyses (Figure 1B). BM neutrophils were stimulated with phorbol myristate
acetate (PMA) and NADPH oxidase activity monitoredGenotypes of progeny from B6.129Sv F1 heterozy-
gous matings were in the expected Mendelian ratios: (Figure 2A). Consistent with a preferred rather than es-
sential role for Rac2, superoxide production was se-wild-type, 22%; rac21/2, 54%; and rac22/2, 24% (n 5
348) (Figure 1B). Neither the 3.7 or 1.4 kb rac2 transcripts verely reduced in rac22/2 cells (mean 23% of wild type).
A physiologically relevant test of neutrophil NADPHwere detected in total RNA from neutrophils or lympho-
cytes by Northern analyses, while rac1 mRNA was pres- oxidase function involves superoxide production by tis-
sue neutrophils recruited by infectious or inflammatoryent in similar amounts to wild-type cells (Figure 1C).
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Figure 1. Creation of Rac2-Deficient Mice
(A) Structure of wild-type and mutant rac2 loci as mapped with restriction enzymes EcoRI (RI), EcoRV (RV), BamHI (B), Kpn1 (K), and Stu1
(S). Exons 1 and 2 are represented by black boxes. A PGKneo cassette in reverse orientation replaced the Kpn1±Stu1 segment containing
exon 1.
(B) Southern blot analysis of wild-type and mutant rac2 loci. In the upper panel, BamH1 digests of genomic DNA from F2 progeny and from
ES cell clone CCE 224 (from which a chimeric male founder was derived) were hybridized with probe A, the 59 flanking probe. In the lower
panel, Kpn1 digests of DNA from wild-type ES cells and the ES cell clone CCE 224 were hybridized with probe B and confirm the correct
size of the targeted allele.
(C) Northern blot of total RNA from F2 BM cells, hybridized with rac2 cDNA. No expression of either the 3.7 kb or 1.4 kb rac2 mRNA was
observed in rac22/2 tissues. The 2.4 kb band in each lane represents probe cross-hybridization with rac1 mRNA.
(D) Western blots of whole-cell lysates confirming deficiency of Rac2 protein but normal expression of Rac1 and Cdc42 in rac22/2 BM
neutrophils (upper panels). The Rac2 antibody weakly cross-hybridizes with another protein in lysates from both rac22/2 neutrophils and wild-
type fibroblasts (lower panel), neither of which express rac2 mRNA.
processes. In contrast to BM neutrophils, superoxide these conditions, superoxide production by rac22/2 BM
neutrophils was 61% of similarly stimulated wild-typeproduction by peritoneal exudate (PE) cells elicited by
thioglycollate installation 18 hr earlier was similar to PE cells, representing a partial correction of the deficiency.
These data suggest that in mice, while Rac2 is the pre-cells from wild-type littermates (Figure 2A, right panel).
To test whether this apparent recovery of superoxide ferred small GTPase for NADPH oxidase function, other
elements, perhaps Rac1, are sufficient for adequate su-production was directly attributable to activation of the
neutrophils by the inflammatory milieu from which they peroxide production in activated neutrophils.
were recovered, BM neutrophils were preincubated in
vitro with 50 ng/mL TNF-a prior to stimulation with PMA Rac2-Deficient Mice Exhibit Decreased Cellular
Inflammatory Exudate(Figure 2B). Although TNF alone did not induce signifi-
cant superoxide production (data not shown), with dual In order to generate PE cells for superoxide assays,
mice were injected with thioglycollate and peritonealstimulation superoxide production by rac22/2 BM neu-
trophils was 1.9-fold greater than with PMA alone. Under washings were performed 18 hr later. In spite of 2- to
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neal exudate formation is reminiscent of phenotypes
previously reported for mice with either deficiency of
selectin-mediated leukocyte±endothelial cell interac-
tions (Mayadas et al., 1993; Frenette et al., 1996; Maly
et al., 1996) or deficiency of b2 integrin CD18 (Wilson et
al., 1993). To address whether Rac2 has a regulatory
role in leukocyte adhesive interactions, the surface
membrane expression of the key constitutive leukocyte
ligands was examined and functional assays were per-
formed. As seen in Figure 3B, surface expression of
a number of leukocyte antigens was similar between
rac22/2 and wild-type neutrophils. However, despite
expressing normal levels of L-selectin, under physio-
logical flow conditions neutrophils from rac22/2 mice
were markedly deficient in shear-dependent tethering
to surfaces coated with GlyCAM-1, the L-selectin ligand
expressed by endothelial cells (Figure 3C and accompa-
nying video [http://www.immunity.com/cgi/content/full/
10/2/183/DC1]). In sharp contrast, the same cells dem-
onstrated tethering and rolling indistinguishable from
wild type when exposed to another physiologically rele-
vant endothelial ligand, P-selectin (Figure 3D).
Neutrophils from rac22/2 mice were able to adhere
to glass, plastic, and surfaces coated with monoclonal
antibodies to various integrins under static conditions.
The proportion of cells firmly adherent to anti-integrin
antibodies was similar between genotypes (data not
shown). However, a difference between genotypes was
clearly evident in the extent of spreading by adherent
neutrophils upon integrin ligation. Figure 3E depicts re-
sults from a representative experiment in which the sur-
face areas of neutrophils were measured after 30 min
Figure 2. The Requirement for Rac2 for Superoxide Production Var- incubation on antibody-coated coverslips. During this
ies with the Activation Status of the Neutrophil incubation, the adherent area covered by wild-type
(A) Left panel: the rate of superoxide production by BM neutrophils neutrophils increased between two and four times de-
following stimulation with 0.2 mg/mL PMA was monitored by reduc- pending on the substrate tested, with maximal spread-
tion of cytochrome c (mean 6 SD of 5 mice per group, *p , 0.0001 ing observed on anti-CD18 antibodies. Under the condi-
[Dunnett's test]). Right panel: superoxide production by neutrophil-
tions used, neutrophils from either genotype failed torich peritoneal exudates harvested 18 hr postthioglycollate (n 5
adhere or spread on coverslips coated with irrelevant7±16 per group, p . 0.1 [ANOVA]). (B) TNF-a preincubation of rac22/2
isotype-control antibodies, confirming the specificity ofBM neutrophils partially corrects the deficiency in superoxide pro-
duction. Cells were preincubated for 10 min at 378C with or without the ligations. In five experiments, the mean adherent
TNF-a 50 ng/mL prior to addition of PMA 0.2 mg/mL (n 5 5±10 per areas of rac22/2 neutrophils were consistently less than
group, *p , 0.05 [unpaired t test]). wild type for each integrin tested (CD18, 84% 6 7% of
wild type; CD11a, 88% 6 10%; CD61, 92% 6 4%;
CD11c, 79: 6 4%; p , 0.01 for each comparison [un-
3-fold higher peripheral blood (PB) neutrophil counts paired t test]). These differences were not explained by
(Figure 3A, see inset), the total numbers of PE leukocytes differences in cell size prior to adhesion or by failure
and neutrophils (Figure 3A) were significantly reduced of integrin translocation following stimulation (data not
in Rac2-deficient mice. At this timepoint the composition shown).
of the cellular infiltrate represents a complex dynamic
between influx, clearance, and apoptosis. As assessed
by typical late morphological features, no differences in Rac2 Is Required for Normal Neutrophil Chemotaxis
Defective chemotaxis is also associated with reducedthe percentage of apoptotic neutrophils were observed
between genotypes (wild-type, 7% 6 4%; heterozy- inflammatory exudate formation in vivo (Cacalano et al.,
1994; Witke et al., 1995). Consequently, directed move-gotes, 8 6 8%; rac22/2, 10% 6 5%; n 5 8±12 per group;
p . 0.1 [ANOVA]). Since neutrophil numbers in the peri- ment in response to three well-characterized chemoat-
tractants, fMetLeuPhe (fMLP), interleukin-8 (IL-8), andtoneum 4 hr post-thioglycollate are largely a reflection
of neutrophil recruitment and extravasation, this earlier leukotriene B4 (LTB4), was studied. Chemotaxis by BM
neutrophils from rac22/2 mice was reduced 4- to 10-timepoint was also studied. Consistent with the 18 hr
observations, rac22/2 mice displayed deficient exudate fold when compared with wild-type and heterozygous
littermates (Figure 4A). This profound deficiency wasformation despite a persistent neutrophil leukocytosis
(Figure 3A). evident over a 100-fold range of concentrations for each
chemoattractant (Figure 4D). The deficiency was notThis phenotype of leukocytosis and reduced perito-
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Figure 3. Deficient Cellular Exudate Formation during Inflammatory Response in rac22/2 Mice
Open symbols, rac22/2; closed symbols, wild-type.
(A) In vivo responses to thioglycollate-induced inflammation. PE and PB (inset) neutrophil counts were monitored 4 and 18 hr following
intraperitoneal injection of 1 mL 3% thioglycollate. After 4 and 18 hr, neutrophils comprised 75% and 45%, respectively, of total leukocytes
in peritoneal exudates. Mean 6 SD of data from 5±14 mice per group. (p , 0.05 for all comparisons between genotypes [unpaired t tests]).
(B) Expression of adhesion molecules by PB neutrophils. Neutrophils were identified by forward and side scatter characteristics, and surface
membrane expression identified by immunofluorescence (see Experimental Procedures). Mean 6 SD of four mice per group from three
experiments.
(C) In vitro neutrophil rolling on Glycam-1 and P-selectin. Mean 6 SD of three independent experiments, with each measurement performed
in duplicate.
(D) Neutrophil spreading after integrin ligation by monoclonal antibody±coated coverslips (see Experimental Procedures). Mean 6 SD of
adherent areas of neutrophils from rac22/2 and wild-type mice assayed in parallel. (n . 100 cells per genotype for each substrate, p , 0.01
for all comparisons between genotypes [unpaired t tests]).
ameliorated by incubating the cells for twice the stan- [unpaired t test]) were observed to polarize over a 10
min period, and fewer still displayed directed movement.dard duration (Figure 4B), suggesting that the defect
in rac22/2 cells was more fundamental than a modest As previously observed following integrin ligation by
monoclonal antibodies, spreading of rac22/2 neutro-reduction in speed of movement. Activated PE neutro-
phils were also poorly responsive to chemoattractants phils on glass coverslips was only 76% of that observed
for wild-type cells. Figure 4E illustrates representative(Figure 4C), indicating that the essential role of Rac2 in
neutrophil locomotion is independent of the activation frames from videos of nullizygous and wild-type cells
(see also accompanying video [http://www.immunity.com/state of the cell. Similar differences were also observed
in limited experiments in which PB neutrophils were cgi/content/full/10/2/183/DC2]). The range of speeds
observed for neutrophils from both genotypes is re-studied. Formyl peptide receptor expression by neutro-
phils was assessed by flow cytometry and did not differ ported in Figure 4F. No rac22/2 neutrophils were ob-
served to show the degree of polarity and synchrony ofbetween genotypes (data not shown).
The movement defect of rac22/2 neutrophils was fur- motion displayed by the most active wild-type neutro-
phils. These data demonstrate that although Rac2 is notther characterized at the single-cell level by videomi-
croscopy. In a developing 1025 M fMLP gradient, few indispensable for neutrophil movement, it is required for
efficient chemotaxis.rac22/2 neutrophils (11%, cf. wild-type, 29%; p , 0.01
Immunity
188
Figure 4. Chemotaxis Is Deficient in rac22/2 Neutrophils
(A) Migration of BM neutrophils across 3 mm pore polycarbonate filters in response to gradients of fMLP 1026 M, IL-8 44 nM, and LTB4 10
nM. Cells (2 3 105) were loaded per upper well and incubated at 378C for 45 min. Mean 6 SD of four mice per group. In the presence of a
gradient of carrier only (DMSO 0.05%, HBSS only, or 0.003% ethanol), the number of cells migrating was ,10 per high power field. p , 0.01
for all comparisons between rac22/2 and other genotypes (ANOVA and Student-Newman-Keuls).
(B) The chemotactic defect was not ameliorated by prolonged incubation. Cells (105 per well) were incubated for 90 min; p , 0.01 for all
comparisons between genotypes (unpaired t tests).
(C) PE neutrophils also display defective chemotaxis. Cells (105) were incubated for 45 min in chemotactic gradients; p , 0.05 for all comparisons
between genotypes.
(D) The chemotactic defect was consistent over a wide range of gradient concentrations. Cells (105) were incubated for 45 min in chemotactic
gradients of varying concentrations; n 5 3 per group, and p , 0.05 for all comparisons between genotypes.
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Figure 5. Diminished F-Actin Generation by rac22/2 Neutrophils
Open symbols, rac22/2; closed symbols, wild-type.
(A) Freshly isolated neutrophils were warmed to 378C in HBSS for 3 min prior to stimulation with 1025 M or 1026 M fMLP, or with IL-8 250
ng/mL (30 nM) or 100 ng/mL (12 nM). Cells were fixed at the timepoints shown by addition of 10 vol of 4.6% formaldehyde in PBS. Treatment
with carrier (0.5% DMSO for fMLP or PBS for IL-8) did not stimulate F-actin generation. Wild-type and rac22/2 cells were analyzed in pairs.
Results are expressed as mean channel fluorescence (MCF), with the baseline wild-type fluorescence arbitrarily assigned a value of 100%.
Mean 6 SD of 3±5 experiments per group; p , 0.05 for all comparisons between genotypes (unpaired t tests).
(B) Preincubation with TNF-a or GM-CSF partially ameliorates the deficit in F-actin generation upon stimulation with 1025 M fMLP for 15 s.
Neutrophils were warmed to 378C in the presence of TNF-a 50 ng/mL or GM-CSF 10 ng/mL for 3 min prior to stimulation with 1025 M fMLP.
The mean absolute increases in F-actin content per cell (arbitrary units) are presented; n 5 3±5 experiments per group, *p , 0.05.
F-Actin Generation in Response to Chemoattractants by these agents was almost as great in rac22/2 mice as
in wild-type controls (Figure 5B). As was observed forIs Disturbed in Rac2-Deficient Cells
To investigate the role of Rac2 in actin polymerization superoxide production, the difference between geno-
types in response to synergistic stimulation of cells within leukocytes, BM neutrophils were stimulated with
chemoattractants, cytokines, or combinations of these, two stimuli, e.g., TNF-a and fMLP, was less than ob-
served than that for the single maximal stimulus. Theand filamentous actin (F-actin) formation was measured
by flow cytometry. Although increases in F-actin are data clearly indicate Rac2 to be necessary for normal
immediate actin polymerization.known to be less dramatic in BM neutrophils than in
neutrophils harvested from the blood, increases in
F-actin of 20%±70% were observed with various stimuli Phosphorylation of p38 and p42/44 MAP Kinases
Is Diminished in rac22/2 Cellsin wild-type (Figure 5A) and heterozygous mice (data
not shown). The baseline level of F-actin in rac22/2 neu- Rac1 and Cdc42 have been implicated previously in
the activation of p38 MAP kinase and c-Jun kinases introphils was observed consistently to be 70%±85% of
wild-type neutrophils harvested and assayed in parallel various cell types (Coso et al., 1995; Minden et al., 1995;
Van Aelst and D'Souza-Schorey, 1997; Mackay and Hall,(Figure 5A). Further, the immediate generation of F-actin
in response to the chemoattractants fMLP and IL-8 was 1998). To test whether Rac2 played a similar role in
neutrophils following chemoattractant stimulation, BMreduced substantially. These differences were consis-
tent over a range of concentrations of stimulants (Figure neutrophils were incubated with fMLP 1025 M for 0±10
min, and Western blots for phosphorylated p38, p42,5A). Intriguingly, for fMLP the time taken to generate
peak F-actin levels was also increased from 15 to 120 s. and p44 MAP kinases were performed. As shown by the
representative blots in Figure 6, phosphorylation of eachTNF-a and GM-CSF induce lesser increments in
F-actin content, and these responses require minutes MAP kinase was diminished in rac22/2 cells, although the
decrease appeared most pronounced for p42 activation.rather than seconds to develop. In contrast to stimula-
tion by chemoattractants, F-actin generation induced For p38 MAP kinase, this pattern was observed in the
(E) Sequential exposures of rac22/2 and wild-type BM neutrophils taken at 1 min intervals during exposure to a 1025 M fMLP gradient (from
left to right) for 30 min. BM cells enriched for neutrophils were allowed to adhere to glass coverslips for 15 min at 378C before being loaded
into the chemotactic gradient of a Zigmond chamber. Only wild-type cells (two examples arrowed) demonstrated normal polarization and
movement.
(F) The average speed of directed movement was calculated from data collected during the second 10 min interval of videomicroscopy from
six pairs of samples (n . 100 cells analyzed per genotype).
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Discussion
We report here the in vivo consequences of genetic
deficiency of a mammalian Rho family GTPase. In keep-
ing with current knowledge of the multiplicity of roles
members of this family may play in the regulation of a
wide range of eukaryotic cell functions, Rac2 deficiency
in mice is characterized by multiple functional defects
in neutrophils, the cells which normally express this pro-
tein most abundantly.
Rac2 Is a Critical Regulator of the Neutrophil
Actin Cytoskeleton
The most profound abnormalities were in cellular func-
tions requiring actin cytoskeletal rearrangements, and
the data confirm a critical regulatory role for Rac2 in
actin remodeling and in resting cells maintenance of theFigure 6. Phosphorylation of the Transcriptional Activators p38 and
p42/44 MAP Kinases Is Reduced in Rac2-Deficient Neutrophils normal monomer/polymer equilibrium. Resting neutro-
Representative Western blots for phosphorylated and total p38 phils typically maintain 120±140 mM G-actin and 60 mM
MAPK, p42/44 MAPK, and Akt in cell lysates of neutrophil suspen- F-actin and can increase F-actin content up to 120 mM
sions stimulated with 1025 M fMLP for 0±10 min at 378C. on stimulation (Cassimeris et al., 1992). Unstimulated
rac22/2 cells contained 20%±25% less F-actin than wild-
type cells, corresponding to an F-actin concentration of
majority of experiments (6 of 8), with only a single experi- 45±48 mM, and a remarkably high G-actin content of up
ment suggesting increased phosphorylation in rac22/2 to 155 mM. Generation of additional F-actin in response
cells. For p42/44, diminished phosphorylation was ob- to chemoattractants was also dramatically diminished.
served in 5 of 5 experiments. Previous studies have Expression of Rac1 alone is evidently insufficient to
suggested that Rac is downstream of phosphoinositol allow formation of the normal basal F-actin content or
(PI)-3-kinase following stimulation by chemoattractants to mediate rapid actin polymerization in response to
and other extracellular signals (Bokoch, 1995; Gringhuis physiological stimuli. Unlike fibroblasts and neurons,
et al., 1998). As evidence that PI-3-kinase activity was neutrophils are highly motile cells and consequently
not diminished in rac22/2 cells, phosphorylation of Akt, maintain a very high total actin concentration. It is intri-
an unrelated serine/threonine kinase that specifically guing to speculate that expression of a second Rac
requires PI-3-kinase activity for its activation (Burgering
protein is necessary to properly manage actin dynamics
and Coffer, 1995), was assayed in parallel. In rac22/2
in this high-concentration range.
cells, phosphorylation of Akt was increased compared
The dynamic consequences of defective Rac2-regu-
to wild-type cells, providing indirect evidence of at least
lated actin polymerization for neutrophils are severe per-normal PI-3-kinase activity. Consistent with a prior re-
turbations in directed cell movement and in neutrophil±port (Frasch et al., 1998), we did not observe activation
endothelial cell interactions. Rac2 is required for normalof c-Jun kinase in response to chemoattractants in neu-
cell orientation and polarization in a chemoattractanttrophils of either genotype (data not shown).
gradient. During locomotion, neutrophils advance using
broad lamellipodia at the leading edge. Although someRac2-Deficient Mice Are Susceptible to Aspergillus
rac22/2 cells were able to form broad lamellipodia, thesefumigatus Infection
did not develop to nearly the same extent as in wild-rac22/2 mice displayed no susceptibility to spontaneous
type cells. Not surprisingly then, directed movementinfections while maintained in a controlled environment.
was severely impaired, as was the speed of movementTo test the physiological relevance of Rac2-dependent
of those few cells which did chemotax. These data com-neutrophil functions, mice were challenged with the op-
plement a recent report describing the roles of differentportunistic pathogen A. fumigatus. rac22/2 mice were
Rho-GTPases in chemotaxis by a macrophage cell linesignificantly more susceptible to invasive infection than
(Allen et al., 1998). By the use of microinjection of inhibi-wild-type controls, manifesting an increased mortality
tors, both Rac and Rho were shown to be necessaryrate with decreased survival time (Figure 7A). Recovery
for cell migration, whereas Cdc42 was essential for po-of viable A. fumigatus from brain and kidney homoge-
larization and directed movement but not for locomotionnates of rac22/2 mice studied 4±6 days postchallenge
per se. Like neutrophils, macrophages coexpress Rac1was 9.2 and 5.5 times greater than from controls (Figure
and Rac2. Microinjection of dominant negative mutant7B), and hyphal elements were more prominent in silver-
N17Rac1 totally abolished lamellipodia formation instained kidney sections (Figure 7C). Interestingly, foci
these cells, suggesting inhibition of the function of bothof hyphae in the renal parenchyma of moribund mice
Rac proteins. Presumably, the residual lamellipodia-were surrounded by an exuberant neutrophil infiltrate
forming capacity in rac22/2 neutrophils represents the(Figure 7D), suggesting either that the critical defect in
action of Rac1, and further study is required to dissecthost defense was either in the time required for neutro-
the relative roles of Rac1 and Rac2 in primary macro-phil migration into the tissues or in neutrophil function
upon arrival. phage chemotaxis.
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Figure 7. Susceptibility to Fulminant Infection with Aspergillus fumigatus
(A) Survival of cohorts of ten rac22/2 and B6.129Sv wild-type control mice injected intravenously with 2.7 3 106 conidia (the LD50 for wild-
type mice); p , 0.0001 (Wilcoxon test).
(B) Recovery of viable fungi from brain and kidney tissues of rac22/2 and control C57BL/6 wild-type mice sacrificed at the time of death of
experimental mice.
(C and D) Photomicrographs of kidney sections from rac22/2 and wild-type mice injected 4 days previously with A. fumigatus. Left panels,
Grocott methenamine silver stain; right panels, hematoxylin and eosin stain. Original magnifications, 4003.
Neutrophil±Endothelium Interactions Require Rac2 principal neutrophil ligand for P-selectin (Moore et al.,
1995). Ligation of either L-selectin or PSGL-1 initiatesCirculating neutrophils interact with blood vessel endo-
thelium in an ordered multistep process (reviewed in intracellular signaling cascades (Brenner et al., 1996;
McEver and Cummings, 1997), which for L-selectin atSpringer, 1995). The initial phase, ªrolling,º is dependent
upon ligation of selectins with their ligands and is a least have been implicated in the process of leukocyte
rolling. Deletion of the intracellular domain of L-selectinnecessary prelude to integrin-mediated firm adhesion
and subsequent transendothelial migration. L-selectin, does not alter ligand binding but does abrogate rolling
(Kansas et al., 1993), as does disruption of the actinconstitutively expressed by leukocytes, and P-selectin,
which is expressed by endothelial cells, are the key cytoskeleton by cytochalasin. Most recently, Rac2 was
found to be required for F-actin generation in a leuke-selectins mediating rolling during the early phases of
inflammation. The current data indicate that Rac2 is mic cell line following L-selectin ligation by monoclonal
antibodies (Brenner et al., 1997). Together with our ob-selectively involved in the action of neutrophil rolling
mediated by L-selectin but is not necessary for ostensi- servations in primary cells, these data confirm that the
interaction between L-selectin and its endothelial ligand,bly similar actions initiated by ligation of PSGL-1, the
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GlyCAM-1, is an active process that integrally involves activated Rac and Cdc42 in other cell types had not
found activation of these kinases (Coso et al., 1995;Rac2-regulated actin remodeling. The second phase of
attachment to endothelium requires ligation of leukocyte Minden et al., 1995). The current data suggest that, in
neutrophils, Rac2 is upstream of p42/44 activation byintegrins, with b2 and b3 integrins thought to play promi-
nent roles. Studies in fibroblasts (reviewed in Hall, 1998) chemoattractants and provide a further example of how
cellular context influences the outcomes of Rho familyand other cells including lymphocytes (Laudanna et al.,
1996) indicate that Rho is the critical GTPase regulator GTPase activation. Alternatively, these observations
may reflect indirect perturbations in both ras-dependentof assembly of adhesion complexes; these studies have
not described a major role for Rac in integrin-mediated and PI-3-kinase dependent pathways consequent to
chronic Rac2 deficiency.adhesion. However, Rac and Cdc42 have been associ-
ated with the generation of integrin-containing focal
complexes (Nobes and Hall, 1995; Mackay and Hall,
In Vivo Consequences of Rac2 Deficiency1998), and the current data do implicate Rac2 in the
By mechanisms that remain ill-understood but whichancillary process of cell spreading following integrin li-
involve a feedback increase in neutrophil productiongation. While adhesion via integrins was observed for
(Broxmeyer et al., 1996), disturbed neutrophil traffickingrac22/2 neutrophils, cell spreading following ligation of b2
into the tissues results in the in vivo phenotype observedor b3 integrins was significantly reduced in these cells.
for rac22/2 mice: PB neutrophilia and BM myeloid hyper-Presumably, Rac2-dependent cytoskeletal rearrangements
plasia. Failure of L-selectin-mediated neutrophil rollingare secondary events downstream of Rho or Cdc42 acti-
alone does not produce this phenotype, as L-selectin-vation in these circumstances.
null mice do not maintain a neutrophil leukocytosis (Ar-
bones et al., 1994). Evidently however, the combination
Rac2 Is a Nonessential Regulator of impaired L-selectin function, abnormal response to
of Superoxide Production CD18 ligation, and profound deficiency in directed mi-
In contrast to its essential regulatory role in actin cy- gration disturbs tissue entry sufficiently to stimulate
toskeleton remodeling, Rac2 was found to have an compensatory perturbations in granulopoiesis.
important but replaceable role in the generation of Maintenance of a 3-fold increased circulating neutro-
superoxide production by neutrophils. NADPH oxidase phil population does not fully compensate for reduced
function in unactivated BM neutrophils was clearly im- recruitment of these cells to inflammatory foci and does
paired in the absence of Rac2, a finding entirely consis- not afford the whole animal normal protection against
tent with previous data indirectly implicating Rac2 as the opportunistic pathogens such as A. fumigatus. Our data
preferred GTPase regulator of superoxide production do not absolutely discriminate between delayed neutro-
(Heyworth et al., 1994; Dorseuil et al., 1996). Intriguingly, phil recruitment or diminished neutrophil function on
rac22/2 neutrophils activated in vivo showed no signifi- arrival as the critical deficits in host defense against
cant deficit in superoxide production. Further, activation this organism. As superoxide production is essential for
of BM neutrophils in vitro also partially ameliorated the control of this pathogen, additional studies of Rac2-
functional deficit observed in unprimed rac22/2 neutro- deficient neutrophils under conditions closely mimick-
phils. Together these data suggest that another GTPase ing tissue infection are required to exclude subtle but
(most probably Rac1) can be recruited to fulfill the role physiologically relevant defects in NADPH oxidase ac-
played by Rac2. tivity. However, even limited NADPH oxidase activity
(5%±50% of wild type) is sufficient to afford protection
against pulmonary A. fumigatus at wild-type levelsRac2 Regulates Phosphorylation of p38 and p44/42
MAP Kinases Following fMLP Stimulation (Bjorgvinsdottir et al., 1997), and activated Rac2-defi-
cient neutrophils are capable of normal superoxide gen-In mammalian cells, a role for Rac1 has been described
downstream of Ras for mitogenesis and, independently eration. A more likely explanation for the enhanced sus-
ceptibility of Rac2-deficient mice to A. fumigatus isof Ras, in activation of c-Jun kinases and p38 MAP
kinase, but the physiological relevance remains unclear delayed emigration of neutrophils into tissues, providing
a window of time for conidia to sporulate and establish(reviewed in Van Aelst and D'Souza-Schorey, 1997; Lim
et al., 1996; Mackay and Hall, 1998). Although postmi- multiple foci of infection. Similar susceptibility to A. fumi-
gatus has been reported for another mutant mousetotic, neutrophils generate phosphorylation cascades
following stimulation by chemoattractants (Frasch et al., strain with defects in neutrophil chemotaxis, CC chemo-
kine receptor 1±deficient mice (Gao et al., 1997).1998). As would be predicted from the aforementioned
publications, we found p38 MAP kinase phosphorylation In sum, the phenotype of Rac2-deficient mice reflects
the prominent regulatory roles played by this molecularinduced by fMLP stimulation to be reduced but not abol-
ished in the absence of Rac2. In neutrophils, pharmaco- switch. For neutrophils, at least, it is essential for many
of the cellular functions involved in defense against in-logical blockade of p38 MAP kinase activation impairs
both superoxide production and chemotaxis in re- fection. This central role may provide the neutrophil with
a mechanism for coordinating critical functions suchsponse to fMLP (Nick et al., 1997; Zu et al., 1998), sug-
gesting that diminished activation of this kinase in as recruitment, migration, and phagocidal killing. These
mice should provide an invaluable tool for dissection ofrac22/2 cells may indirectly contribute to the phenotypes
described above. The finding of diminished phosphory- the biochemical pathways downstream of Rac activation
and also afford the opportunity to study this regulatorylation of p42/44, the other major MAP kinases in these
cells, was unexpected as overexpression studies of molecule, specific to hematopoietic cells and integral
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Isolation of Neutrophils from Bone Marrowto the development of cellular inflammatory responses,
and Peripheral Bloodas a potential therapeutic target in inflammatory disease.
Bone Marrow
Following collection in ice-cold Ca21- and Mg21-free Hank's bal-
anced salt solution (HBSS, GIBCO) supplemented with 0.1% BSAExperimental Procedures
and 1% dextrose, neutrophils were purified from femoral and tibial
BM using a discontinuous Percoll (Pharmacia) gradient. The methodMaterials
of Lowell et al. was used (Lowell et al., 1996), except that red cellChemicals were purchased from Sigma unless otherwise stated.
depletion was performed after Percoll separation and by Ficoll den-
sity centrifugation (density 1.119; 30 min at 1200 3 g) rather than
Rac2 Gene Targeting by erythrolysis. All solutions used were made with endotoxin-free
The human rac2 cDNA was used to isolate a murine rac2 genomic water, and cells were maintained at 48C throughout the procedure
fragment from a l Dash 129Sv library (kindly provided by D. Ran- to minimize activation. Mature neutrophils constituted 73%±82% of
court). A 7.5 kb EcoRI fragment containing exons 1 and 2 and the isolated BM cells from both wild-type and rac22/2 mice.
59 upstream region was subcloned into pBluescript (modified by Peripheral Blood
deletion of the KpnI and XbaI sites). Following conversion of the Carotid arterial blood from metofane-anesthetized mice was col-
StuI site in intron 1 to an XbaI site, exon 1 was excised using KpnI and lected into PBS (Ca21 and Mg21 free [pH 7.2]) containing 0.2% potas-
XbaI and replaced by ligation with a XbaI±KpnI fragment containing a sium EDTA. Red cells were eliminated by hypotonic lysis (Lowell et
PGKneo cassette in the antisense orientation. An HSV-tk expression al., 1996) and neutrophils were purified from the resulting leukocyte-
cassette was ligated at the 59 end of the construct. NotI was used rich cell suspension by negative selection using rat monoclonal
to linearize the targeting vector prior to electroporation into CCE.1 antibodies specific for the CD4, CD8, B220, and Ter 119 antigens
ES cells (kindly provided by E. Robertson). After selection in G418 (Pharmingen; 15 min room temperature incubation) and depletion
(400 mg/mL) and ganciclovir (2 mM), resistant clones were evaluated of antibody-coated cells using a goat anti-rat-substituted magnetic
by Southern blot analysis of DNA from replicate clones. Homologous bead system (Miltenyi Biotec). The resulting cell populations in both
recombination was determined using a 59 flanking probe (probe A) genotypes were equivalent for expression of the granulocyte marker
and confirmed with a second 39 probe (probe B). Chimeric mice were Gr-1 (84%±85% positive).
generated by standard protocols, and tail DNA from F1 offspring was
analyzed for the disrupted rac2 allele. Genotyping of subsequent Measurement of NADPH Oxidase Activity
generations was performed either by Southern hybridization or by Superoxide production was measured in a quantitative kinetic assay
PCR. Genomic DNA was amplified using a common sense primer based on the reduction of cytochrome c after stimulation of cells
derived from intronic sequences (GAC GCA TGC TCC ACC CCC T) with 0.2 mg/mL PMA as reported previously (Pollock et al., 1995;
and antisense primers from the PGK promoter in the targeted allele Bjorgvinsdottir et al., 1997). The assay was performed at 378C using
(TGC CAA GTT CTA ATT CCA TCA GAA GC) and from exon 1 in the a Thermomax microplate reader and associated SOFTMAX version
wild-type allele (CAC ACA CTT GAT GGC CTG CAT). PCR conditions 2.02 software (Molecular Devices). In some assays, samples were
were 36 cycles of 958C for 60 s, 608C for 90 s, and 728C for 90 s. preincubated for 10 min at 378C with TNF-a or buffer alone prior to
The resulting 154 bp products from the mutant allele and 210 bp addition of PMA.
product from the wild-type allele were resolved by electrophoresis.
Neutrophil Rolling Assays
Shear force±dependent neutrophil adhesion was analyzed using aRNA and Western Analyses
modification of an in vitro rolling adhesion procedure describedNorthern analyses of total RNA was performed as previously de-
previously (Lawrence and Springer, 1991). The assay measures neu-scribed (Zhen et al., 1993). To exclude the presence of any rac2
trophil rolling adhesions in a parallel plate flow chamber (GlycoTech)transcripts, RT±PCR was performed with primers derived from cDNA
fitted with a petri dish coated with mouse GlyCAM-1 or with asequences encoded downstream of the second exon, i.e., outside
P-selectin-IgG chimera. The chamber was fitted with a rubber gasketthe targeting construct (sense, ATG TCC GTG CCA AGT GGT; anti-
that yields a gap of either 260 mm (for analysis of BM neutrophils) orsense, CTT CTG CTG TCG TGT GGG). MoMLV reverse transcriptase
130 mm (for analysis of PB neutrophils). The completely assembled(Perkin Elmer) and the 39 oligonucleotide complementing nucleo-
chamber was mounted on the stage of an inverted phase contrasttides 539±557 were used for first strand cDNA synthesis from 250
microscope (Diaphot 300, Nikon) for data collection. Mouse GlyCAM-1,ng of total RNA isolated from neutrophils. PCR conditions were 35
a generous gift of Dr. Steve Rosen (UCSF), was used as a substratecycles of 958C for 60 s, 608C for 60 s, and 728C for 60 s. Wild-
for L-selectin-dependent rolling. GlyCAM-1 was diluted to a concen-type RNA, but not rac22/2 RNA, produced a rac2-specific 284 bp
tration of 2 mg/mL in 50 mM Tris-HCl (pH 9.0), and 20 mL of thisamplicon. Western analyses were performed as previously de-
dilution was immediately applied to the surface of a polystyrenescribed (Bjorgvinsdottir et al., 1997) using the following reagents:
petri dish (Falcon). The GlyCAM-1 solution was allowed to coat thepolyclonal rabbit antiserum raised against recombinant human Rac2
polystyrene surface at 48C in a humidified container for 16 hr. After(kindly provided by G. Bokoch), monoclonal anti-Rac1 antibody
washing six times, 2 min per wash, with 200 mL of room temperature(clone 23A8, Upstate Biotechnology), and polyclonal anti-Cdc42
(RT) Tris-buffered saline (TBS), the surface was blocked with a solu-rabbit IgG (Santa Cruz Biotechnology). Samples of recombinant
tion of 2% BSA (low endotoxin, IgG-free) in TBS for 2 hr at RT. TheRac1 and Rac2 used as controls in immunoblots were kindly pro-
surface was then washed six times with TBS containing 0.5 mMvided by D. Lambeth, Emory University.
Ca21 prior to use in the flow chamber assay. P-selectin-dependent
rolling efficiencies were defined using a soluble recombinant murine
P-selectin-human IgG chimera (Smith et al., 1996). Conditioned me-Mice
Mice were maintained under specific pathogen-free conditions. In dia collected from COS-7 cells expressing the P-selectin-IgG chi-
mera were diluted to 1:800 in TBS containing 0.2% BSA and 0.5all experiments, age- and gender-matched B6.129Sv F2, F3, or F4
mice aged 6±10 weeks were used unless otherwise specified. PB mM Ca21. The diluted chimera solution was applied for 2 hr at RT
to a polystyrene petri dish previously coated with a 20 mg/mL solu-was collected from the retro-orbital sinus or axillary plexus. Com-
plete blood counts were performed on a CellDyn 2500 using the tion of S. aureus protein A in 50 mM Tris-HCL (pH 9.4) and blocked
with TBS containing 2% BSA and 0.5 mM Ca21. The P-selectin-Ig-veterinary package. Differential leukocyte counts were confirmed
by manual inspection of Wright-stained blood films. To induce PE coated plate was subsequently prepared for use in the flow chamber
assay by washing six times at RT with TBS containing 0.5 mM Ca21.formation, mice were injected with 1 mL 3% thioglycollate and cells
were harvested as previously described (Pollock et al., 1995). Red PB or BM neutrophils were resuspended at 1 3 106 cells/mL in
HBSS containing 10 mM HEPES, 2 mg/mL BSA, and 2 mM Ca21cell depletion was accomplished by density centrifugation (Ficoll,
density 1.119) for 30 min at 1200 3 g. Cell numbers were measured (pH 7.2). The flow chamber was perfused with the cell suspension
using a syringe pump to control wall shear stress (KD Scientific).by either hemocytometer or automated cell counter.
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Wall shear stresses were calculated as described (Lawrence and time for a stable gradient to form. Metamorph software (Universal
Imaging) was used to acquire and analyze the images.Springer, 1991). Cells were initially introduced into the flow chamber
at a wall shear stress of 5 dynes/cm2 for 15 s. Flow rates were then
stepped down as described (Lawrence and Springer, 1991) to allow F-Actin Quantitation
Flow cytometry was used to quantitate the relative amount of fila-measurement of cell binding at the different shear stresses indicated
in Figures 3C and 3D. Neutrophil adhesion events were recorded mentous actin per neutrophil. Neutrophils (106) were resuspended
in 1 mL HBSS in polypropylene tubes and warmed at 378C for 3 minwith a Panasonic TV camera (model WY, 15003) and a Sony video
prior to the addition of 25 mL of stimulus or carrier. Cells were fixedcassette recorder (model SLY, 940 HF). Wild-type and rac22/2 neu-
after the specified time by the addition of 10 vol of PBS containingtrophils were analyzed using a single substrate-coated plate and
4.6% formaldehyde and 0.1% BSA. Fixed cells were treated withthe same microscopic field. Video images for analysis were acquired
Triton X-100 0.1% in PBS for 5 min at 228C, washed, and thenusing VG-5 frame grabber (Scion). Image analysis was performed
incubated with 160 nM FITC-phalloidin for 30 min at 228C prioron 6100/66 Power Macintosh using the Scion version of the public
to analysis by flow cytometry. Neutrophils were identified by theirdomain NIH Image program (Scion). The number of cells that had
characteristic forward and side scatter pattern. A minimum of 10,000tethered and were rolling (per 103 field) were scored from two
neutrophil events was recorded routinely, and the results are re-superimposed images acquired in 5 s intervals at the end of the
ported as mean cellular fluorescence (MCF). To normalize data be-second minute of cell perfusion for each indicated wall shear stress.
tween experiments, the baseline MCF of untreated wild-type neutro-Cells that had tethered through secondary interactions with adher-
phils was arbitrarily assigned a value of 100%.ent leukocytes were excluded from analysis. Data represent the
mean 6 SD of three experiments performed in duplicate on indepen-
fMLP-Stimulated MAPK Activationdently coated plates.
Paired samples of wild-type and rac22/2 purified BM neutrophils
were resuspended in HBSS (3 3 106 in 1 mL) and stimulated withNeutrophil Adhesion Assays
1025 M fMLP at 378C for 0±10 min. The activation was terminatedNeutrophil adhesion to, and spreading on, anti-integrin antibodies
by placement on ice. Thereafter, cells were lysed in lysis buffer (10was measured as described (Lowell et al., 1996) in 96-well plates.
mM K2HPO4, 1 mM EDTA, 5 mM EGTA, 10 mM MgCl2, 1 mM Na2VO4,The percentage of adherent cells relative to loading was determined
50 mM beta-glycerol-phosphate, 10 mg/ml leupeptin, 1 mg/ml pep-by MTS assay (Promega). Assays were performed in triplicate with
statin, and 10 mg/ml aprotinin) at 48C for 30 min. Cell lysates wereand without stimulation by 50 ng/mL TNF-a during the adhesion
clarified by centrifuging for 30 min at 10,000 3 g at 48C. Western blotstep. For spreading assays, cells were allowed to adhere to anti-
analyses were carried out according to manufacturer's instructionsbody-coated Thermomax coverslips for 30 min at 378C, then rinsed
(New England Biolabs). Activation of p38 and Erk MAP kinase path-with HBSS and fixed with 4.6% formaldehyde. Images were acquired
ways were determined by utilizing phospho-specific p38 and p42/as described later for chemotaxis. Adherent area was determined
44 MAP kinase antibodies (New England Biolabs). Activation of theusing Metamorph software for all adherent cells in multiple (4±10)
PI-3-Kinase/Akt pathway was determined by utilizing a phospho-4003 fields (typically 100±300 cells per coverslip).
specific Akt antibody (New England Biolabs) according to manufac-
turer's instructions.Surface Membrane Antigen Expression
The expression of cell surface markers was detected by flow cy-
In Vivo Challenge with Asperigillus fumigatus
tometry. For studies of adhesion molecule expression, binding of
A clinical isolate of A. fumigatus (ATCC number 90240) was cultured
biotinylated antibodies (Pharmingen) to CD11a, CD11b, CD11c,
on Sabouraud dextrose agar for 4 days at RT before use. Conidia
CD18, CD61, CD62L, and isotype controls was detected using a
were removed by flooding the culture dish with 10 mL of sterile PBS
streptavidin-phycoerythrin (-PE) second step. Fluorescence inten-
and gently scraping the mycelia with a sterile scraper. Suspensions
sity is reported as mean channel fluorescence (MCF) in arbitrary
of single conidia were prepared by vortexing for 1 min. Conidia were
units. Isotype controls did not exceed 101 units. For CD18 expres-
quantitated using a hemocytometer and diluted to the appropriate
sion, studies were also performed with PMA stimulation as pre- concentration in PBS. Quantitation was confirmed by plate culture of
viously described (Wilson et al., 1993). Ligand expression for serial dilutions on Sabouraud dextrose agar. Groups of 10 B6.129Sv
P-selectin was detected using a P-selectin-IgG fusion protein and wild-type, B6.129Sv rac22/2, and C57BL/6J (Jackson Laboratories)
an anti-human IgG-PE second step. Formyl peptide receptor ex- mice were injected with 2.7 3 106 conidia (the LD50 for wild-type
pression was measured exactly as previously reported (Prossnitz mice) via the lateral tail vein. B6.129Sv animals were examined daily
et al., 1993). for mortality. Whenever rac22/2 mice died, C57BL/J6 mice were
sacrificed to serve as additional concurrent controls for tissue histol-
Chemotaxis ogy and fungal culture. The brain and one-half of each kidney were
Chemotaxis assays were performed using a 48-well microchemo- homogenized and plated on Sabouraud dextrose agar with chloram-
taxis chamber (Neuro Probe). Chemoattractant or carrier diluted in phenicol to estimate the numbers of viable A. fumigatus in these
HBSS (with Ca21 and Mg21) (27 mL) were placed in the lower cham- tissues.
ber, and 50 mL of neutrophils in the same medium (2 or 4 3 106/
mL) were loaded in the upper wells. The upper and lower wells Acknowledgments
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directly observed using a Zigmond chamber (Neuro Probe). Micro-
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